Reverse transcription-polymerase chain reaction (RT-PCR) approaches have been used in a large proportion of transcriptome analyses published to date. The accuracy of the results obtained by this method strongly depends on accurate transcript normalization using stably 
Introduction
Transcript quantification, by Northern blotting or reverse transcription-polymerase chain reaction (RT-PCR) analysis, requires the use of stably expressed genes, known as references, for accurate normalization of mRNA fractions, as several variables (including the amount of starting material, reverse transcriptase efficiency and overall differences in transcriptional activity between tissues) can affect the strength of the detected signals. In Northern blotting, the quantity of total RNA loaded is commonly estimated by ethidium bromide staining or hybridization of rRNAs with a radiolabelled probe.
These controls are not very accurate, and thus do not provide reliable indications of the consistency of the mRNA loadings in each lane. However, as Northern blotting is used to assess large variations in expression levels, errors caused by approximate normalization appear to be acceptable as they will not affect dramatically the expression trends of target genes. In contrast, in microarray analyses, which are also based on hybridization techniques, a wide range of probes and targets are used in a single experiment. This makes the approach a very good tool for monitoring global changes in gene expression, and allows the normalization of each experiment using a range of statistical analyses of the global hybridization signal (Quackenbush, 2002) without the need for reference genes. The approach is very different from RT-PCR analysis, in which the expression level of each target gene is normalized to the expression of a reference gene that is presumed to be representative of the cDNA concentration in each sample, and subject to the same errors during cDNA preparation as the target gene(s) (Bustin et al ., 2005) .
A major advantage of RT-PCR is that it can detect very low quantities of the target transcript and can be used to assess discrete variations in expression. The development of realtime technologies, allowing quantitative RT-PCR, has provided complementary tools to microarrays, with consequent improvements in both sensitivity and specificity (Nolan et al ., 2006) . However, quantitative RT-PCR has only recently been used to monitor gene expression in plants (Gachon et al ., 2004) , and remains underused, considering its ability to discriminate between the expression of closely related genes and to quantify transcript levels of very weakly expressed genes (Czechowski et al ., 2004) . This increase in accuracy emphasizes the importance of the use of highly reliable reference genes. For this purpose, statistical algorithms, including the geNorm software used in this study, have been developed recently to identify the best reference genes for use under given experimental conditions (Pfaffl et al ., 2002 (Pfaffl et al ., , 2004 Vandesompele et al ., 2002 (Volkov et al ., 2003; Czechowski et al ., 2005; Nicot et al ., 2005) , their systematic use as reference genes may lead to the misinterpretation of results. The arbitrary choice of reference gene can be further illustrated by the frequent use of rRNAs for normalization, although they have been shown to be inappropriate references (Spanakis, 1993; Johnson et al ., 1995; Warner, 1999; Hansen et al ., 2001; Solanas et al ., 2001; Tyler et al ., 2004) . 
Results and discussion
High variability in the distribution of 'reference' mRNA populations during Arabidopsis development
In this study, the expression levels of 14 genes were assessed in 16 types of Arabidopsis sample representing various organs in various developmental stages (see 'Experimental procedures').
These genes, selected because of their common use as references in RT-PCR analyses, were ACT2 , ACT7 , ACT8 ,
( Linum usitatissimum ) orthologue of the last gene has recently been shown to be a valuable reference gene during seed development . represented less than 20% of the total mRNA population in seedlings, but more than 60% in siliques, 18-20 days after flowering (DAF), whereas the relative amount of eF1 α mRNA declined from ~40% to ~15% in these organs. In addition, Table 1 gives full names of genes.
although it can be seen that the proportion of ACT7 mRNA remained relatively constant in all organs, except siliques at 15-17 DAF, the proportions of TUB6 mRNA varied widely.
These results clearly suggest that the expression level of each mRNA population is not constant, but, instead, varies in unique temporal and/or spatial patterns. However, the detected variation of each transcript is not absolute, but relative to the sum of the 14 transcript populations, which is not necessarily constant. Statistical analysis of these data is therefore required to evaluate the stability of the expression of each gene under the tested conditions.
Assessment of gene expression stability using statistical analysis by geNorm
Non-normalized expression levels (see 'Experimental procedures') were analysed using geNorm software (Vandesompele et al ., 2002) , which determines, for each gene, the pair-wise variation with all other genes as the standard deviation of their logarithmically transformed expression ratios.
M , the measure of the gene expression stability, is the average pair-wise variation of a particular gene compared with that of all other genes. Genes with the lowest M values have the most stable expression. Figure 2 shows the ranking of the genes tested, according to their expression stability in our Arabidopsis samples. APT1 and UBQ5 were the most stably expressed genes, whereas the expression of TUB6 was quite variable. In addition, M values > 0.5 were obtained for 11 of the 14 tested genes (in grey in Figure 2 ), implying that most of these 'classic' references are far from stably expressed,
and cannot be considered as good reference genes under the conditions examined here (Vandesompele et al ., 2002) .
These results are unsurprising because, as mentioned above, it has already been reported that several genes have higher expression stability (i.e. lower M values) than many 'classic' references (Czechowski et al ., 2005 Figure 3a ). When APT1, UBQ5 and eF1α were used for normalization, eIF4A appeared to be stably expressed, with only a slight increase in its transcript levels towards the last stage of silique development (18-20 DAF). As APT1, UBQ5, eF1α and eIF4A are involved in different, independently regulated, cellular functions, the possibility of the co-regulation of these genes can be excluded. Therefore, the fact that there are only slight differences between the three eIF4A expression patterns obtained using APT1, UBQ5 and eF1α suggests that they constitute reliable, stably expressed references under our experimental conditions. These findings validate the previous geNorm analysis (Figure 2 ). In contrast, eIF4A expression appears to be quite variable when TUB6 is used for normalization, highlighting the significant impact of normalization based on this inappropriate reference ( Figure 3a ).
To confirm this result, the expression of an independent target gene, At5g02840 (MYB factor), was analysed, which is thought to be stably expressed during silique development . As expected, normalization of At5g02840 using APT1, UBQ5 and eF1α resulted in a relatively similar constant expression pattern (Figure 3b ). In contrast, when TUB6 was used as the reference gene, the difference between the lowest and highest recorded At5g02840 expression levels was approximately 100-fold.
With regard to eIF4A (Figure 3a) , the slight differences between the three At5g02840 expression patterns obtained using APT1, UBQ5 and eF1α as the reference genes Table 1 gives full names of genes.
demonstrate that they constitute reliable, stably expressed references under these experimental conditions ( Figure 3b ).
As the three expression patterns followed the same trend, our results confirm the fairly constant expression of the At5g02840 MYB factor during silique development.
However, the slight differences between the three expression patterns raise questions about the possibility of accurately quantifying weak transcript level variations. Indeed, a difference of approximately twofold was recorded between expression patterns obtained using APT1 and UBQ5 (Figure 3a,b) . In addition, a difference of approximately 3.5-fold was observed between the expression pattern obtained using eF1α and those obtained using APT1 and UBQ5 (Figure 3a,b) , confirming that eF1α is less stably expressed than APT1 and UBQ5 (Figure 2 ). In the literature, differences This result clearly demonstrates how easy it is to detect an erroneously strong specific expression pattern for a given target gene simply by using an inappropriate reference gene.
The normalization of either eIF4A or the At5g02840 MYB factor with TUB6 resulted in the same specific expression pattern during silique development (Figure 3a,b) , whereas normalization with the other reference genes indicated that it could be considered to be constitutive. The TUB6-based pattern is clearly an artefact, caused by the great variation in TUB6 expression, which is high at 3 -4 DAF and low at 18-20 DAF (Figure 1 ).
To test whether the choice of reference gene could influence the interpretation of the expression pattern of a target gene with a well-described, specific expression profile, the same approach was used to quantify the expression of LEAFY COTYLEDON1-Like (L1L). This gene is strongly expressed during seed development from heart to bent-cotyledon stages (Kwong et al., 2003) . As expected, L1L transcripts peaked from 5 to 11 DAF, and very similar expression patterns were identified when using APT1, UBQ5 and eF1α (Figure 3c ).
In contrast, normalization using TUB6 introduced a clear bias in the quantification of L1L expression at 5-6 DAF and from 15 DAF onwards. These results show definitively that the use of a non-statistically validated reference gene can dramatically affect the normalization, and thus introduce errors when determining the expression pattern of a target gene.
Figure 3
Transcript quantifications during Arabidopsis silique development using four different reference genes for normalization. Transcript quantification of eIF4A (a), At5g02840 MYB factor (b) and LEAFY COTYLEDON1-Like (L1L) (c) using TUB6, APT1, UBQ5 or eF1α for normalization. Although normalization using APT1, UBQ5 or eF1α produced similar expression patterns for each gene, normalization using TUB6 resulted in a strong bias, dramatically increasing the expression rates during the last stages of silique development. Standard error values are between 4% and 11%; small, uninformative error bars are not shown. FB, floral bud; OF, open flower; 01-02 DAF to 18-20 DAF, siliques days after flowering. Table 1 gives full names of genes.
The validity of a reference gene is non-universal and is highly dependent on the experimental conditions
Although the validation of reference genes has received very little attention in plant studies, it is easy, convenient and feasible for every species for which even limited genomic resources are available. We wished to determine whether a reference validated in one plant could also be valid for a different species. A good starting point was the data included in Czechowski et al. (2005) . This report was the first to present a list of stably expressed Arabidopsis genes (never used as references) for a large range of experimental conditions.
In order to assess the validity of the use of such appropriate reference genes in a different plant species, the expression stability of four genes in hybrid aspen (Populus tremula × Populus tremuloides) in eight different developmental states (see 'Experimental procedures') was tested. The genes tested were two aspen putative orthologues (see Table 2 ) of At4g34270 and At4g33380 (the most stably expressed genes in Arabidopsis according to Czechowski et al., 2005) , one aspen putative orthologue of UBQ (stably expressed in poplar according to Brunner et al., 2004) and the aspen rRNA 18S, which is commonly used as a reference in plants.
At4g34270 and At4g33380 aspen orthologues exhibited higher expression stability than UBQ and much more so than 18S (Figure 4a ). The last two genes could not be considered as appropriate reference genes under the conditions applied here, as they had M values > 0.5 (in grey in Figure 4a ). These results indicate the possible conservation of gene expression stability across different plant species, and seem to validate the database presented in Czechowski et al. (2005) as a good tool for finding stably expressed genes in other plant species.
Our interest was subsequently focused on finding an appropriate reference gene that could be used at the cellular level, particularly within the aspen cambial region (see 'Experimental procedures') . Surprisingly, under these new experimental conditions, the initial gene ranking (Figure 4a) had to be modified, as At4g34270 and UBQ were the most stably expressed genes throughout the phloem, xylem and cambial regions, whereas At4g33380 and 18S aspen orthologues exhibited higher expression variability (Figure 4b ).
Under this second set of experimental conditions, the last two genes could not be considered as appropriate reference aspen orthologues were used as references, the ANT aspen orthologue expression level increased from section 4 to section 7, corresponding to the cambium, but it was not possible to clearly determine which one of the sections contained the cambial stem cells (Figure 5a ). However, when the UBQ and At4g34270 aspen orthologues were used for normalization, they gave similar but more precise patterns and allowed the restriction of the peak of expression of the ANT aspen orthologue to section 5, identifying, by this means, the exact position of the cambial stem cells (Figure 5b ). This example demonstrates the robustness of a systematic validation of reference genes using the geNorm algorithm, and its capacity to restore the accuracy of RT-PCR analysis.
Conclusions
The use of putative housekeeping genes is acceptable for non-quantitative techniques when qualitative changes are being measured. These RNAs, expressed at relatively high levels in all cells, make ideal positive controls to determine whether the gene of interest is switched off or on. However, the advent of RT-PCR and real-time technology has placed the emphasis on quantitative changes, and should have prompted a re-evaluation of the use of these reference genes (Bustin et al., 2005) . This has not been the case in plant analyses, in which arbitrarily chosen 'classic' reference genes have continued to be used for this purpose.
In this study, it has been demonstrated that the use of inappropriate references can dramatically change the interpretation of the expression pattern of a given target gene, and thus introduce flaws in our understanding of the role of such a gene. Therefore, the lack of validation of reference genes in plants questions the accuracy of some results obtained by RT-PCR using such non-valid references. It has been shown that, instead of a universal validation using wide-range expression data, the systematic validation of reference genes by geNorm is the answer. It is easy and Figure 5 Transcript quantification of AINTEGUMENTA (ANT ) aspen orthologue within the aspen cambial region using four different reference genes for normalization. Expression of the ANT aspen orthologue increases in the cambium and specifically peaks in the cambial stem cells. The peak of expression is not specific to one section, but is located within sections 4-7 (in grey) when ANT aspen orthologue expression is normalized using 18S or At4g33380 aspen orthologues (a). When appropriate reference genes are used, UBQ or At4g34270 aspen orthologues, the peak is exactly localized in section 5 (in grey), allowing this section to be identified as containing cambial stem cells (b). Error bars: ± standard error.
robust, allowing this major pitfall to be overcome in plants.
In addition, as slight differences may still be observed in the apparent expression patterns of a target gene obtained using different appropriate validated reference genes, weak apparent changes in gene expression should be treated with caution. In such cases, it may be wise to use at least two geNorm-validated reference genes involved in distinct cellular functions to confirm the weak expression changes.
Experimental procedures

Plant material
Arabidopsis thaliana plants (Columbia ecotype) were grown under light photoperiods of 16 h with day/night temperatures of 22/18 °C. Entire, 7-day-old Arabidopsis seedlings (S), 3-week-old leaves (young leaves), 3-week-old roots (young roots), 6-week-old leaves (old leaves), 6-week-old roots (old roots), 6-week-old stems (inflorescence), floral buds (FB), open flowers (OF) and siliques 1-2, 3-4, 5 -6, 7-8, 9 -11, 12-14, 15-17 and 18-20 DAF were harvested. To determine silique age, individual flowers were tagged with coloured threads on the day they opened. Hybrid aspen (Populus tremula L. × Populus tremuloides Michx. Clone T89) were grown under light photoperiods of 18 h at a constant temperature of 18 °C. Vegetative tissues corresponding to eight different developmental states were harvested: leaves and internodes at three different levels on the plant (i.e. three different developmental stages), the shoot apex and roots of a 3-month-old hybrid aspen. Longitudinal tangential cryosections (3 × 15 mm) were also taken across the wood-forming tissues of a 12-year-old aspen tree (Populus tremula) growing in northern Sweden, as described in Uggla et al. (2001) . A set of eight samples characteristic of the different cell types within the cambial region were collected as described in Israelsson et al. (2005) . All tissues were immediately frozen in liquid nitrogen and stored at -80 °C.
RNA extraction and cDNA synthesis
For Arabidopsis, RNA extraction and cDNA synthesis were performed for two biological replicates, as described in Gutierrez et al. (2006) . All cDNA samples were tested by PCR using specific primers flanking an intron sequence to confirm the absence of genomic DNA contamination (Louvet et al., 2006) . For aspen, RNA extractions from the different organs of two biological replicates were performed using an Aurum Total RNA Kit (Bio-Rad, Hercules, CA, USA), following the manufacturer's instructions. RNA extractions from the wood cryosections were performed as described in Israelsson et al. (2005) . cDNA synthesis was performed using an iScript cDNA Synthesis Kit (Bio-Rad).
Quantitative RT-PCR analysis in Arabidopsis
Specific primers were designed for reference gene coding sequences (see Table 1 ) using LC Probe Design © software (Roche, Basle, Switzerland). Each primer sequence was chosen because it bore no similarity to any data in Arabidopsis databases available via the BLASTn program (Altschul et al., 1997 ). An annealing temperature of 60 °C was used for all primers. Table 1 lists the primer sequences designed for each gene and amplicon characteristics. To ensure that the fluorescence signal was derived from the single intended amplicon, a melting curve analysis was added to each PCR programme, and each PCR product was run on a 4% agarose gel. Real-time PCR was performed in a Roche LightCycler ® using a FastStart DNA MasterPLUS SYBR Green I Kit (Roche), according to the manufacturer's recommended protocol. For each gene, quantitative PCR was performed in triplicate. Crossing threshold (CT) values, the number of PCR cycles for which the accumulated fluorescence signal in each reaction crosses a threshold above the background, were acquired by LightCycler ® software 3.5 (Roche) using the second derivative maximum method. CT values are a function of the amplification efficiency of PCR, which was found to be between 1.92 and 1.99 depending on the primer pairs. These data were exported into RelQuant © software (Roche), which provides efficiency-corrected normalized quantification results. The results are expressed as the target/reference ratio of the sample, and are therefore corrected for sample heterogeneities and detectionderived variation. The efficiency-corrected quantification performed by RelQuant © is based on relative standard curves describing the PCR efficiencies of each primer pair (Larionov et al., 2005) . The relative standard curves were determined and used for each analysis.
Quantitative RT-PCR analysis in aspen
The BLAST program of the JGI database (DoE Joint Genome Institute and Poplar Genome Consortium; http://genome.jgi-psf.org/Poptr1/ Poptr1.home.html) was used to identify estExt_fgenesh4_pm.C_ LG_IX0344, estExt_fgenesh4_pg.C_LG_II1155 and estExt_fgenesh1_ pg_v1.C_LG_II1615, the putative aspen orthologues of At4g34270, At4g33380 and ANT Arabidopsis genes, respectively. At4g34270 and At4g33380 are two genes found to be stably expressed in Arabidopsis (Czechowski et al., 2005) . Using these Populus trichocarpa coding sequences, primers were designed using Primer 3 software. Primer sequences and amplicon characteristics are shown in Table 2 . In addition, specific primers for 18S (Israelsson et al., 2005) and UBQ (Brunner et al., 2004) were used. Quantitative RT-PCRs, with an annealing temperature of 57 °C, were performed in triplicate in a 96-well plate in a Bio-Rad iCycler iQ™ Real-Time PCR Detection System (Bio-Rad) using iQ™ SYBR Green Supermix (Bio-Rad), according to the manufacturer's recommended protocol. The PCR efficiency was found to be between 1.90 and 2.13, depending on the primer pairs, and the CT values for each sample were acquired by iCycler iQ™ software 3.0 (Bio-Rad).
Calculation of the non-normalized expression levels used in Figure 1 and statistical analysis of gene expression stability
For each gene in each set of replicate samples, the non-normalized expression level was calculated using X/E (mean CT) , where E is the PCR efficiency, 'mean CT' is the average of the three CT values, one from each replicate, and X is the number of amplicon molecules obtained at CT. The fluorescence threshold used for CT evaluation was constant for all quantitative PCR analyses, so that all CT values are related to the same amount of DNA that could be quantified by an arbitrary constant C. X was calculated from C/L, where L is the amplicon length in base pairs. X is therefore expressed relative to the number of amplicon molecules at CT. X/E (mean CT) accurately evaluates the amount of target cDNA (i.e. the non-normalized expression level), because this term includes the PCR efficiency (which is different for each amplicon) and the amplicon length. This is not the case in other classical formulae, for example 2 . The ratios of each transcript population shown in Figure 1 were obtained using X/E (mean CT) by calculating the relative amount of cDNA as a function of the sum of the 14 cDNA populations for each developmental stage. The M values of gene expression stability were evaluated by analysing each non-normalized expression level using the geNorm algorithm (http://medgen.ugent.be/~jvdesomp/genorm/), according to Vandesompele et al. (2002) .
